N-methyl-D-aspartate (NMDA) receptors are ligand-gated non-selective cation channels mediating fast neuron al transmission and long-term potentiation in the central nervous system. These channels have a 10-fold higher permeability for Ca 2+ from the incubation medium causes suppression of Ca 2+ accumulation and prevents attendant changes in cell volume and NO/O 2 ·− production. These results suggest that the NMDA receptor activity in circulating erythrocytes is regulated by the plasma concentrations of homocysteine and homocysteic acid. Moreover, receptor hyperactivation may contribute to an increased incidence of thrombosis during hyperhomocysteinemia.
study demonstrates the presence of NMDA receptors in rat erythrocytes. The receptors are most abundant in both erythroid precursor cells and immature red blood cells, reticulocyte s. Treatment of erythrocytes with NMDA receptor agonists leads to a rapid increase in intracellular Ca 2+ resulting in a transient shrinkage via Gardos channel activation. Additionally, the exposure of erythrocytes to NMDA receptor agonists causes activation of the nitric oxide (NO) synthase facilitating either NO production in L-arginine-containing medium or superoxide anion (O 2 ·− ) generation in the absence of L-arginine. Conversely, treatment with an NMDA receptor antagonist MK-80, or the removal of Ca 2+ from the incubation medium causes suppression of Ca 2+ accumulation and prevents attendant changes in cell volume and NO/O 2 ·− production. These results suggest that the NMDA receptor activity in circulating erythrocytes is regulated by the plasma concentrations of homocysteine and homocysteic acid. Moreover, receptor hyperactivation may contribute to an increased incidence of thrombosis during hyperhomocysteinemia.
Introduction
NMDA receptors (NRs) are ligand-gated non-selective cation channels that mediate fast neuronal transmission and long-term potentiation in the central nervous system (CNS) 4 . Glutamate is a primary regulator of activity of the NRs in the brain. This specific class of glutamate receptors plays an essential role in regard to memory, cognition, sensation, and motor control. Itako contributes to the glutamate excitotoxicity that is involved with numerous neurological disorders including stroke , schizophrenia , Alzheimer's disease , and Parkinson's disease 39 . Recently, NR expression has been reported to exist also outside the CNS in a number of peripheral tissues such as the lungs, heart, kidney, liver, spleen, bone, vascular endothelium, and lymphoid cells 7, 11, 18, 19, 29, 32 . The physiological role of NRs in non-neuronal tissues remains largely unclear.
The nature of NR agonist(s) in control of receptor function in non-neuronal tissues is a matter of debate. Glutamate concentration in the synaptic cleft of the brain reaches millimole levels, whereas the circulating plasma concentrations of glutamate in healthy human subjects ranges from 14 to 70 μM 13, 47 . These concentrations are below the 100 μM threshold recognised as the IC 50 for the receptor activation in neurons 26 . Glutamate, thus, is most likely not a major contributor to the regulation of the NRs in blood cells in healthy humans. In addition to glutamate, homocysteine (HC), and homocysteic acid (HCA) have also been shown to function as NR agonists in mammals. Total plasma HC concentration in healthy subjects is ~7-10 μM, which can increase to 22.3 ± 12.6 μM in response to normal aging 42 . Pathological increases of HC have also been observed as a result of either a hereditary predisposition affecting methionine metabolism or conditions of folate or vitamin B12 deficiency 16 . For instance, in hyperhomocysteinemic patients HC has been observed to reach as high as 476 μM 43 . Both HC and HCA possess a high affinity to bind to NRs such that even a modest increase in plasma concentrations may result in activation of the receptors 6 . As previously mentioned, NRs are non-selective ligand-gated cation channels; however, the selectivity of the NR channels for Ca 2+ . In this study, with the use of rat erythrocytes, we have demonstrated the presence of functional NRs in RBCs and investigated their distribution pattern in addition to their role in regulation of cell volume, osmotic resistance, endothelial nitric oxide synthase (eNOS, NOS3) activity, and cellular redox state.
Materials and Methods

Cell isolation and handling
For all experiments we used RBCs from adult male Wistar rats (200-300 g). The animals were purchased from Elevage Janvier (Le-Genest-Saint-Ile, France) and kept on commercial rodent chow in the sterile laboratory animal facilities at the Institute of Veterinary Physiology. Animal handling and experimentation were reviewed, approved, and carried out in accordance with the Swiss animal protection laws and institutional guidelines. Blood samples were withdrawn from the caudal vena cava into heparinised syringes, and erythrocytes were isolated via centrifugation at 1,000 g for 5 min. The buffy coat and plasma were discarded while the remaining RBCs were washed three times with an incubation medium of the following composition (in mM): 145 NaCl, 5 KCl, 1 CaCl 2 , 0.15 MgCl 2 , 15 glucose, and 10 Tris·HCl, pH 7.4. Packed cells were then resuspended in the incubation medium supplemented with 0.1% BSA to a hematocrit of 40%.
UT-7/Epo cells were cultured in α-MEM supplemented with 20% fetal calf serum and 3 U/ml human recombinant erythropoietin (EPREX, Janssen-Cilag, Neuss, Germany). Bone marrow cells were harvested from the femur bone. Cells were suspended, filtered through a 200-nm mesh, concentrated by centrifugation at 2,000 g for 5 min, and used for either [ 3 H]MK-801 binding experiments or immunoblotting.
Cerebellar tissue was isolated from rat pups at postnatal day 10 (n = 5) and used for immunoblotting. Cerebellar granule cells were isolated from rat pups at postnatal day 10 as described elsewhere 
Erythrocyte cytoskeleton-free membrane preparation
Packed RBCs (about 500 μl) were hemolysed in 2 ml of ice-cold lysis buffer containing (in mM) 10 Tris·HCl (pH 7.4), 1 EDTA, 0.1 PMSF, 10 Na 4 P 2 O 7 , 10 NaF, plus 10 μg/ml pepstatin A, 10 μg/ml leupeptin, and 5 μg/ml aprotinin. Membranes were pelleted at 47 000 g for 20 min at 4°C. To enrich the membrane fraction for the NR protein, the obtained ghosts were deprived of most of the cytoskeletal proteins as described elsewhere 23 . Protein concentration in the obtained smooth membrane samples was determined by using BCA Protein Assay (Pierce; Rockford, Ill) with BSA as standard.
